T HE ADSORPTION of Cr(VI) onto glycine-modified crosslinked chitosan (GMCCR) resin has been investigated. Batch experiments were performed to examine kinetics, adsorption isotherm, pH effect, and thermodynamic parameters. The effect of pH for the adsorption of Cr(VI) was studied at range from 2 to 6 and the equilibrium was accomplished within 150 minutes and maximum removal was achieved under the optimum conditions at pH 3. The result obtained from equilibrium adsorption studies are fitted Langmuir and Freundlich adsorption models and the data was found that the equilibrium data agreed very well with the Langmuir model. The maximum uptake was found to be 1.5 mmol/g (calc 1.75 mmol/g) at 250C. Thermodynamic parameters for the adsorption system were determined at 298 K, 308 K and 318 K (ΔH° =22.85 kJ•mol−1; ΔG° = −33.17 to −36.93 kJ•mol−1 and ΔS° = 188 J•K−1•mol−1). The positive values of ΔH° and ΔS° suggest an endothermic reaction and increase in randomness at the solid-liquid interface during the adsorption. The negative values of ΔG° indicating a spontaneous adsorption process. The kinetic process was described very well by a pseudo-second-order rate equation.
Introduction
Chromium occurs mainly in the oxidation states trivalent Cr(III) and hexavalent in the environment Cr(VI) state. Whereas Cr(III) is essential in human nutrition (specially in glucose metabolism) as well as for plants and animals at trace concentrations, the hexavalent Cr(VI) has been considered more hazardous to public health due to its mutagenic and carcinogenic properties [1] . It is also moving readily through soils and aquatic environments and is a strong oxidizing agent capable of being absorbed through the skin [2] . A wide range of physical and chemical processes is available for the removal of Cr(VI) from drinking water, such as electrochemical precipitation, ultrafiltration, reverse osmosis and ion exchange [3] [4] [5] . Most of these methods suffer from high operational costs. Therefore, it is necessary to develop new treatment processes that are not only effective, but also feasible in terms of cost [6] [7] [8] . Adsorption is one of the most economically favorable and a technically easy method [9] .
Chitosan has been reported to have high potential for adsorption of chromium(VI) [10, 11] . It is an amino-polysaccharide constituted of both acetylglucosamine and glycosamine moieties. Chitosan has been widely applied to the fields of pharmacy processing biotechnology, food and analytical chemistry. Amino group and hydroxyl group in chitosan exhibit good ability to chelate metal ions. On the other side, chitosan represents suitable materials for binding of metal oxo-anion species because of numerous functional groups (e.g., -OH and -NH2) with their suitable H-bond acceptor and donor sites. Adsorption capacity of chitosan can be improved by chemical means such as addition of functional groups, crosslinking and by physical conditioning of the biopolymer as gel beads or fibers [12] [13] [14] . Several chemical changes have been applied to chitosan in order to enhance ASMAA S. HAMOUDA et al.
its uptake of Cr (VI) from the solution [15] [16] [17] [18] [19] . Novel chitosan resins possessing chelating moieties have been developed by using acrosslinked chitosan resin as a base material. The development of chelating resin is important from the viewpoint of the collection and separation of metal ions [20] . The cross-linked chitosan is found to be very stable and maintain their strength even in acidic and basic solutions. These characteristics are very important for an adsorbent so that it can be used in a lower pH environment [21] .
In the present work, we prepared modified glutaraldehyde-crosslinked chitosan glycinetype and used it to adsorb Cr (VI) ions in a batch system. The effects of the process parameters such as pH, temperature on the removal were investigated. In order to have better understanding of the adsorption process, some isotherm, kinetic and thermodynamic models were employed.
Experimental

Chemicals
Chitosan (from crab shell), glycine, glutaraldehyde, isopropyl alcohol, epichlorohydren, K 2 Cr 2 O 7 were Aldrich products. All other chemicals were Prolabo products and were used as received.
Preparation of glycine modified chitosan resin
The glutaraldehyde-crosslinked chitosan glycine type was prepared as in literature [22] . Three grams of chitosan was dissolved in 20% aqueous solution of acetic acid and stirred until the solution became homogenous. Then 1 mL of glutaraldehyde solution (50%) was added and the solution was stirred with heating for two hours. The pH of the solution was raised to 6 and the obtained gel was washed with distilled water several times and kept to dry. The obtained crosslinked chitosan gel from the previous step was suspended in 60 mL isopropyl alcohol. Then 7 mL epichlorohydrine (62.5 mmol) dissolved in 100 mL acetone/water mixture (1:1 v/v) was added. The above mixture was stirred for 24 h at 60 o C. The obtained solid product was filtered off and washed several times with water followed by ethanol. The product and glycine (10 g) were suspended in dioxane (100 ml), then 40ml NaOH (1M) was added and the mixture was refluxed for 3 h. the final product was filtered and washed 3 times with ethanol and with deionized water. The synthesis steps are shown in Scheme 1.
Scheme 1
Characterization of the resin
Infrared spectra were performed using Nicolet 6700 FT-IR Spectrometer. The surface morphology of the absorbent was visualized with a scanning electron microscope (JEOL-1200, Japan). The scanning electron microscopy (SEM) enabled us to direct observation of the changes in the surface microstructures of the absorbent. X-ray diffraction (XRD, JCPDS No. 03-0921) was used to characterize the crystal structures of chitosan and GMCCR.
Water Regain
For water regain determination, resin sample was centrifuged for 30min at 1000rpm to remove excess water and then weighed. The sample was then dried at 50-60 0 C until complete dryness then weighed again. To calculate this factor, the following equation was applied:
Where W w and W d are weights (g) of the wet and dried resin, respectively. Water regain values are (37±3%). This value reflects the hydrophilic character of the resin type.
Uptake experiments using batch method
Preparation of solutions Stock solution (1×10 -2 M) of chromium (VI) was prepared by dissolving 1.47g K 2 Cr 2 O 7 in 1L bi-distilled water. All batch experiments were carried out with adsorbent samples in a 250 mL conical flasks with 100 mL Cr (VI) aqueous solutions on a rotary shaker at 200 rpm. The concentration of Cr(VI) ions was determined spectrophotometrically at 540 nm using diphenylcarbazide as the complexing agent.
Effect of pH
The uptake of Cr (VI) by the investigated resins was studied at different pH values from 2 to 6. The pH was adjusted using HCl or NaOH. 0.1 g of investigated resin was placed in a series of flasks. To each flask 100 mL of Cr (VI) solution (5×10 -3 M) was added. The contents of each flask were shaken for 150 min on a shaker at 200 rpm and at temperature 20 ± 1 o C at desired pH. The resin was separated from the solution by filtration. Then the residual concentration of Cr (VI )was determined.
Adsorption isotherms
Complete adsorption isotherms were carried out by placing 0.1 g portions of dried resin in a series of flasks containing 100 mL of Cr (VI) ions at pH 3. The temperature was thermostatically kept at 25±1, 35±1 or 45±1°C and equilibrium time 150 min for studied resin. The residual concentration of Cr (VI) was determined. The adsorption data were treated according to Langmuir equation [23] .
Where qe the adsorbed value of Cr (VI) ions at equilibrium concentration (mmol/g), Q max is the maximum adsorption capacity (mmol/g) and K L is the Langmuir binding constant which is related to the energy of adsorption (L/mmol), C e is the equilibrium concentration of Cr (VI) in solution (mmol/L).
Its linearized equation is shown as below
Plotting Ce/qe against Ce gives a straight line with slope and intercept equal to 1/Q max and 1/K L Q max , respectively. The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor R L that is given by
Where Ci (mmol/L) is the highest initial concentration of adsorbate and R L values 0 <R L < 1 imply favorable adsorption. The Freundlich empirical relationship describes the multilayer adsorption of heterogeneous systems and assumes that different sites have several adsorption energies involved [18] . The linear model of the isotherm can be expressed logarithmically as
Where, K and 1/n are Freundlich constants. The values of K and 1/n, which roughly correspond to the adsorption capacity and the heterogeneity factor.
The thermodynamic parameters of adsorption reaction were obtained from the treatment of KL values at different temperature according to van't Hoff equation [24] .
where ∆H o and ∆S o are enthalpy and entropy changes, R is the universal gas constant (8.314
J/mol.K) and T is the absolute temperature (K).
Plotting ln K L against 1/T gives a straight line with slope and intercept equal to -∆H o /R and ∆S o /R, respectively. The Gibbs free energy of adsorption (∆G o ) at different temperatures was calculated using the following relation:
Effect of contact time on the uptake The effect of contacting time on the uptake of Cr (VI) by resins was carried out by placing 0.1 g of dry resin in a flask containing 100 mL of Cr (VI) solution at initial concentration of 5×10 -3 M and pH 3. The contents of the flask were placed on a shaker at 200 rpm and at temperature 20±1 o C. Five milliliters of the solution were taken at different time intervals and used to determine the residual concentration of Cr (VI). The adsorption data were treated according to the kinetic models,
Desorption experiments
For desorption studies, 0.15 g of GMCCR was loaded with metal ions using Cr (VI) solution (5×10 -3 M) solution at 25
• C, pH 3 and contact time of 150 min, on a shaker at 200 rpm. After adsorption the GMCCR adsorbed with Cr (VI) ions were separated from the solution by filtration and then added into 30 mL 0.15N NaOH and stirred at 250 rpm for 30 min at 25
• C and the final Cr (VI) concentration was determined.
The adsorption-desorption cycles were repeated consecutively five times to determine the reusability of sorbents. After each cycle of adsorption-desorption, sorbent was washed with distilled water and used in the succeeding cycle. The desorption ratio of Cr (VI) ions from GMCCR was calculated from the amount of Cr (VI) ions adsorbed on GMCCR and the final Cr (VI) ions concentration in the medium. Desorption ratio was calculated from the following equation:
Results and Discussions
FTIR and SEM analysis
To confirm the synthesis route of the glucinechitosn crosslinked resin, FT-IR spectroscopy was used to determine the main characteristic functional groups on the adsorbent. The FTIR spectrum of chitosan powder is shown in Fig.1(a) . A broad peak centered at 3420 cm -1 was attributed to O-H and N-H stretching vibrations and the peak at 2882.9 cm -1 due to -CH stretching vibration in -CH, and -CH2. The FTIR of chitosan showed bands that can be assigned as:1650 cm (-CN stretching vibration [25] . The FTIR spectrum of the (GMCCR) is presented in Fig. 1(b) . After chitosan was crosslinked, an important peak in this region appeared at 1630 cm -1 ; it was attributed to the imine -C=N-band ) [26] . Meanwhile, The peak at 1562 cm -1 can be assigned to the C=N-stretching vibration, indicating that some of the -NH2 groups were changed into the C=N-groups, and the new band at 1500 cm -1 and at 1424 cm can be assigned to δ s NH 3 + and COO-(stretching vibrations from glycine). Figure 2 shows the SEM micrographs of the chitosan and GMCCR resin. It can be seen from Fig. 1(a) that the chitosan particles were mostly irregular in shape and had loose surfaces. After Fig. 3 . The XRD spectrum of chitosan and GMCCR resin they were crosslinked GMCCR becomes regular in shape and had dense surfaces and become rigid comparing to raw chitosan make it easier to separate from the solution (Fig. 1b) . This result is in agreement with Huang et al [27] . Figure 3 shows the XRD patterns of chitosan and the GMCCR resin. In the chitosan XRD pattern, the peaks appeared at 11 0 and 20.1 0 correspond to a mixture of (1 0 1) and (0 0 2), and (0 0 1) and (1 0 0), respectively [28] . GMCCR exhibited the smaller characteristic peak of crystallinity than original chitosan, and it is clear that the crystallinity decreases after cross-linking using glutaraldehyde due to the Schiff's base formation between amino groups of chitosan and carbonyl groups of glutaraldehyde and subsequent reaction with glycine.
Effect of pH on the uptake
The pH is an important parameter for the adsorption process because of its influence on the adsorbent surface properties and ionic form of metal ion form in the solution. In acid medium, when the pH in the range of 2 to 6, HCO4-and Cr 2 O 7 --are predominantly in equilibrium; in basic medium Cr(VI) exist in the CrO 4 --form. The effect of pH on the uptake of Cr(VI) was studied at initial pH values of 2.0, 2.5, 3.0,3.5.4.0,5 and 6. The modified chitosan showed higher uptake capacity towards Cr(VI)was achieved at pH 3, (Fig. 4) . The important parameters for adsorption of metal ions are the concentration of the counter ions on the functional group of the adsorbent and the degree of ionization of the adsorbate during the reaction. The decrease in the uptake at pH < 3 could be attributed to the higher concentration of Cl -ions which compete the chromate anion. On the other hand, the decrease in the uptake value above pH 3 can be due to the lower extent of protonation of amino group with raising pH. parameters for the Langmuir and Freundlich models for the(GMCCR) are reported in Table  1 . At 25ºC the maximum uptakes for (GMCCR) are 1.5mmol/g, . The values of K L and Q max for adsorption of Cr (VI) on resin was calculated from Langmuir isotherm (Fig. 5b) . The values of Q max are close to the experimental ones, and the values of R 2 reported in Table 1 , which is a measure of the goodness-of-fit, confirm the better representation of the experimental data by Langmuir model. This indicates the homogeneity of active sites on the resin surface and suggests that the adsorption of leading to decrease in the sorption capacity of the modified chitosan towards Cr(VI) ions [29] .
Adsorption isotherms
Adsorption isotherms are commonly used to reflect the performance of adsorbents in adsorption processes. Figures 5 and 6 represented the adsorption isotherms of Cr (VI) by (GMCCR) at pH 3 and at different temperatures using the Langmuir and Freundlich models, respectively. Both isotherms were fitted to experimental data, and the goodness of fit was compared. Isotherm ASMAA S. HAMOUDA et al. Uptake, mmole/g resin
Time, min
Cr(VI) on chitosan or GMCCR mainly occurred by monolayer reaction. The value of R L in the present investigation was calculated to be 0.45 which indicates favorable adsorption of Cr(VI) on the resin.
Langmuir isotherm is found to be the applied isotherm for chitosan and modified chitosan by other authors [24, 30] . The observed increase of Q max and K L with increasing temperature for (GMCCR) may be related to the increase of the stability of the complex formed between Cr (VI) and protonated amino groups (at pH 3) in the resin. The values of K L gives a good idea about the ability of the resin for removing Cr (VI) from low concentrations. The reported values of K L (Table 1) indicates the high removal efficiency of the resin for Cr (VI) from diluted solutions. Table 2 were calculated from Fig.7 . The positive value of ∆H o indicates an endothermic adsorption process, and are coherent with chemical process, which confirms that the complex formation between Cr (VI) and amine sits on the resin surface. It is seen that the values of ∆G o decreases as the temperature increases. This implies that, the adsorption becomes more favorable at higher temperature [31] . The thermodynamic behavior may be attributed to the increased number of active sites as well as the endothermic nature of the reaction between resin active sites and Cr (VI) ions. This may also be reflected in the values of K L . The values of K L increase as the temperature increases, indicating higher affinity of the resin towards Cr (VI) at higher temperature.
Adsorption kinetics
The adsorption of Cr (VI) on (GMCCR) resin as a function of time at pH 3 and 25 o C is shown in Fig. 8 . Clearly, the equilibrium time was reached after approximately 150 min. The data in Fig. 8 were treated according to pseudo-first (Fig. 9a ) and pseudo-second order kinetic models (Fig. 9b) .
The pseudo-first order is models are expressed as [32] ] exp 1 [ ). The kinetic parameters in both models are determined from the linear plots of log(q e -q t ) vs t for pseudo firstorder, (Fig. 9a) or (t/q e ) vs t for second order, (Fig.9b) . The validity of each model is checked by the fitness of the straight line (R 2 ). The pseudo first-order and pseudo second-order rate constants as well as equilibrium sorption capacities were reported in Table 3 . According to the data shown in Table 3 , for (GMCCR) resin, and the consistency of the between the calculated value and experimental value of q e , pseudo secondorder model is the more valid for the adsorption process than pseudo first-order one. This implies that the adsorption process proceeds according to pseudo second-order and depends upon both metal ion concentration and the textural properties of the resin. The intraparticle diffusion model indicated that the relationship between the concentration of Cr(VI) and the square root of time (Fickian diffusion law [24] ; q t =K i t 0.5 +X, ) is not linear, Fig.8 . This implies that the overall rate of adsorption for the resin is controlled by intraparticle diffusion with the boundary layer diffusion [34] . When intraparticle diffusion alone is the rate limiting step, then the plot of q t versus t 0.5 passes the origin. When film diffusion is also taking place then the intercept is X, which gives an idea on the thickness of the boundary layer. From Fig. 8 , it is evident that the adsorption process followed two steps. The first linear portion followed the boundary layer diffusion followed by another linear portion which represents the intraparticle diffusion [35] .
Desorption studies
As shown in Table 4 , the capacity of the GMCCR was an 7.7% decrease after the first cycle and a 11.2% decrease after the second cycle but it could still be maintained at 82.5% level at the fifth cycle. Complete desorption was not possible, perhaps due to the involvement of non-electrostatic forces between the GMCCR and the Cr (VI) ions. These results showed that the GMCCR can be successfully regenerated and repeatedly used in Cr (VI) ions adsorption studies without appreciable losses in their adsorption capacities.
Conclusion
The glycine-modified chitosan is found to have a maximum uptake of Cr(VI) of 1.5 mmol/g at 25 0 C. Sorption of chromium on modified chitosan was influenced by the pH of the medium. Chromium sorption follows Langmuir isotherm. The nature of sorption process is spontaneous and endothermic. The mechanism of chromium sorption on the modified chitosan is governed by electrostatic adsorption and complexation. Regeneration of cross-linked magnetic GMCCR obtained was achieved by using 0.15 M NaOH with efficiency of greater than 85%. The glycine modified chitosan is stable and good for chromium sorption and could be used for field applications.
